After the large-scale horizontal well pattern development in shale gas fields, the problem of fast pressure drop and gas well abandonment caused by well interference becomes more serious. It is urgent to understand the downhole transient pressure and flow characteristics of multi-stage fracturing horizontal well (MFHW) with interference. Therefore, the reservoir around the MFHW is divided into three regions: fracturing fracture, Stimulated reservoir volume (SRV), and unmodified matrix. Then, multi-region coupled flow model is established according to reservoir physical property and flow mechanism of each part. The model is numerically solved using the perpendicular bisection (PEBI) grids and the finite volume method. The accuracy of the model is verified by analyzing the measured pressure recovery data of one practical shale gas well and fitting the monitoring data of the later production pressure. Finally, this model is used to analyze the effects of factors, such as hydraulic fractures' connectivity, well distance, the number of neighboring wells and well pattern arrangement, on the transient pressure and seepage characteristics of the well. The study shows that the pressure recovery double logarithmic curves fall in later part when the well is disturbed by a neighboring production well. The earlier and more severe the interference, the sooner the curve falls off and the larger the amplitude shows. If the well distance is closer, and if there are more neighboring wells and interconnected corresponding fracturing segments, the more severe interference appears among the wells. Moreover, the well interference may still exist even without interlinked fractures or SRV. Especially, severe interference will affect production when the hydraulic fractures are connected directly, and the interference is weaker when only SRV induced fracture network combined between wells, which is beneficial to production sometimes. When severe well interference occurs, periodic well shut-in is needed to help restore the reservoir pressure and output capacity. In the meanwhile, the daily output should be controlled reasonably to prolong the stable production time. This research will help to understand the impact of well interference to gas production, and to optimize the well spacing and achieve satisfied performance.
Introduction
The multi-stage fracturing horizontal well (MFHW) is a crucial technology in shale gas development, and the large-scale horizontal wells pattern haves achieved remarkable performance in many fields in North America and China [1] [2] [3] [4] [5] . However, some well groups have shown increasingly dangerous well interference after producing for several years, due to the well pattern infilling and As shown in the previous literatures, Laplace transform and Stehfest method are mainly applied to obtain the analytical solution or semi-analytical solution of transient pressure behaviors. It is principally applicable for the analysis of one single shale gas well, but it's really difficult to solve the transient pressure with multiple well interferences. So it's crucial to investigate a numerical method to analyze the well pattern pressure dynamic. Therefore, to fully understand the transient pressure behaviors with well interference, a three-medium coupled numerical model is given in the paper, considering connected and unconnected HFs, SRV, and matrix. Also, we numerically solve the model by PEBI grids and the finite volume method. Different factors' influences on transient pressure behaviors with well interference are studied. This research may help to characterize well interference and related factors and to optimize well spacing.
Model Description
Due to the significant difference in porosity and permeability between the fracturing and un-fracturing areas in the reservoir, shale reservoirs around MFHWs are divided into sub-regions, including hydraulic fractures, SRV with abundant inducing micro-fractures, and matrix as shown in Figure 1 . Among them, only SRV region is simplified as dual medium due to micro-fracture development; matrix region is single-porosity single-permeability medium, hydraulic fracture is a high permeability medium. Assumptions: (1) Water flow is ignored, and there is only single-phase gas flow existed in each sub-region. (2) Just viscous flow exists in the HF and satisfies the Darcy law [26] , neglecting the longitudinal flow. (3) SRV is treated as dual media, and each hydraulic segment's SRV overlaps with each other in one MFHW. (4) Matrix is regarded as homogeneous ultra-low permeability media. (5) Pseudo pressure function (m) is introduced to simplify the gas composition change with temperature and pressure [27] . (6) There are three connection modes between the well and its neighboring wells, including the connection of the inducing micro-fracture clusters in the SRV and the connection of hydraulic fractures as shown in Figure 1 .
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Mathematical Model

HF Flow Model
It is assumed that fluid exchanges exist among the fracture, the SRV and the wellbore, the boundary between the well and the HFs is defined as Г1, and the boundary between the SRV and the HFs is Г2. If the HFs directly connected in one well pair, the fluid exchange between two wells' HFs needs to be considered. Commonly, shale gas wells produce at a given production rate first according to the development scheme, and the gas supply capacity of the reservoir gradually tends to insufficient as the pressure continues to drop. The shale gas wells are converted to produce with constant pressure later. Based on this, the flow equations in the finite conductivity fractures are established as follows: 
Mathematical Model
HF Flow Model
It is assumed that fluid exchanges exist among the fracture, the SRV and the wellbore, the boundary between the well and the HFs is defined as Γ 1 , and the boundary between the SRV and the HFs is Γ 2 . If the HFs directly connected in one well pair, the fluid exchange between two wells' HFs needs to be considered. Commonly, shale gas wells produce at a given production rate first according to the development scheme, and the gas supply capacity of the reservoir gradually tends to insufficient as the pressure continues to drop. The shale gas wells are converted to produce with constant pressure later. Based on this, the flow equations in the finite conductivity fractures are established as follows:
The initial conditions:
Inner boundary condition: Constant pressure boundary conditions:
Fixed output boundary conditions:
Outer boundary condition:
SRV Flow Model
SRV exist around MFHWs in unconventional shale reservoirs, which leads to the flow characteristics of the fluid that are different from those in unstimulated formations. It is necessary to integrate various measurements and surveillance data to build a variable SRV reservoir model. The variable SRV model described here has the following building blocks [28] : (1) Formation evaluation: included all the reservoir characterization data derived from logs and 3D seismic inversions and structural attributes. (2) Surveillance data integration: micro-seismic data are integrated with chemical and radioactive tracer logs. (3) Well performance data integration: Production data is used to determine different flow regimes during the well history and to set bounds for stimulation parameters, such as HF half-length and permeability. (4) Numerical simulation: Micro-seismic attributes (density and magnitude) are converted to a permeability model after being calibrated with tracer logs and production flow regime parameters. pressure, volume, temperature (PVT) data is matched against an Equation of State and input into the model. Due to the abundant micro-fractures induced by hydraulic fracturing in SRV, SRV is regarded as a dual medium containing the matrix and fracture systems.
(1) Matrix system flow model Assuming that gas desorbed from the SRV matrix system, the desorption gas satisfies the Langmuir isothermal adsorption equation on the surface of the matrix bedrock. The migration of gas includes viscous flow, Knudsen diffusion, and surface diffusion. So, the matrix system flow model is Equation (2):
(2) Fracture system flow model
Because the micro-fractures in the SRV region are very developed, how to characterize the fracture network equivalently in the seepage model has been a difficult problem to solve. For this reason, many scholars hypothesize that the development and spread of fracture networks satisfy the fractal characteristics and propose a fractal model that characterizes natural fracture networks [29, 30] . However, the critical parameters such as the fractal dimension in the model are difficult to determine. Also, considering complex networks will greatly increase the complexity of meshing and numerical calculations. Therefore, the equivalent permeability is used to characterize the comprehensive permeability of the fracture system in the SRV region. The gas in the fracture medium in the SRV is mainly in the form of free gas. Therefore, only the viscous gas flow and Knudsen diffusion are considered in the fracture medium, and the apparent permeability k s,f is used to represent the permeability of the fracture medium [31] :
Assume that the wellbore only has fluid exchange with the fracture, neglecting the direct fluid exchange between the fracture system and the wellbore in the SRV, and defining the interface between the fracture and the matrix systems in the SRV as Γ 3 . Then the flow model in the fracture system of the SRV is presented as Equation (4):
Inner boundary condition:
Matrix Flow Model
The shale gas reservoir is rich in kerogen organic matter, and the hydrocarbon gas generated in the kerogen satisfies the saturation adsorption and then spreads from the kerogen pores to the inorganic matrix pore space where the hydrocarbon concentration is relatively reduced. The gas in the kerogen occurs in two forms: free gas and adsorbed gas. The pores in the kerogen have the same order of magnitude as the gas molecules in the shale gas. Therefore, the free gas will generate Knudsen Diffusion in the kerogen nanoporous network. At the same time, the kerogen is saturated with a large amount of adsorbed gas, and the adsorbed gas on the surface of the skeleton will produce surface diffusion. Assuming that the shale gas reservoir is isothermally developed, the Langmuir isotherm adsorption equation is used to describe the adsorption and desorption of kerogen.
The apparent permeability of the unmodified Matrix region proposed by Singh et al. [32] and Civan et al. [29, 30] is:
Thus, the kerogen-medium continuity equation considering Knudsen diffusion, adsorption-desorption and surface diffusion is obtained as Equation (6):
Inner boundary condition: Outer boundary condition:
Model Solution
Accuracy and efficiency of reservoir simulators in complex systems depend highly upon a proper grid selection. Grids based on a cartesian coordinate system have been widely used, but have some disadvantages: (a) Flexibility in the description of faults, pinchouts, hydraulic fractures, horizontal wells and general discontinuities presented in reservoirs; (b) inflexibility in representing well locations; and (c) suffer from grid orientation effects. PEBI grids have been applied to the oil industry for about a decade. On the other hand, generation and construction of PEBI grids are not as easy as cartesian grids. The construction of PEBI grids for a reservoir is feasible only if it is done by a numerical grid generation procedure. These PEBI grids are locally orthogonal. It means the block boundaries are normal to lines joining the nodes on the two sides of each boundary. This allows a reasonable accurate computation of inter-block transmissibility for heterogeneous but isotropic permeability distribution.
The irregular geologic body boundary can be depicted by PEBI grids. In this paper, the unstructured PEBI grid is applied to mesh the solution area and carry on local grid refinement around MFHWs, in which the connection between the center node of each grid and the adjacent grid center node is perpendicular to the interface, as shown in Figure 2 .
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Use the Gaussian formula to convert the volume fraction of the left-side diffusion term of Equation (7) into area fractions, as Equations (8) and (9):
Assuming that the difference between the two time steps is ∆t and the distance between the two neighboring grid center nodes is L, then the discrete Equation (9) can be converted to Equation (10):
Based on this, the discrete equations for the SRV and matrix area can be further deduced. The discrete flow equation for the SRV region matrix system is shown in Equation (11):
The discrete flow equation for the fracture system in the SRV region is shown in Equation (12):
Discrete flow equation in matrix can be expressed as Equation (13):
Results and Discussion
Model Verification
Taking the A1 well group in Chinese Jiaoshiba shale gas field for instance, we use the multi-region coupled model to analyze MFHWs' transient pressure recovery behaviors during the shut-in process. In this shale gas field, the gas investigated permeability is 200-300 nD, porosity is 3%, and the reservoir thickness is approximately 90 m. Well A1-1 (in A1 well group) has operated 15 segments of hydraulic fracturing and put into production from April 2014. The average daily gas production was 6 × 10 4 m 3 /d up to March 2018. In the same layer, there is an adjacent A1-2 well 300 m away from well A1-1. A1-2 has operated 19 segments of hydraulic fracturing and put into production from May 2014. Up to March 2018, its average daily gas production was 10 × 10 4 m 3 /d. The interpretation of the micro-seismic monitoring results shows that the two wells have partial overlap in the hydraulic fracture network. Therefore, it is preliminarily judged that the well communicates with the adjacent well through the SRV and HFs. In order to understand the reservoir parameters around the A1-1 well and its connectivity with the neighboring well A1-2, a pressure build-up well test was conducted during the production process of well A1-1, and the gas production of the neighboring well was maintained at 10 × 10 4 m 3 /d.
According to the pressure recovery test data of Well A1-1, the logarithm curve of the pseudo pressure and its derivative are plotted. It is found that the derivative curve dropped significantly in the last part, and it was initially judged that the well A1-2 is more severely interfered by well A1-1. Based on the spatial relationship of the two wells and the characteristics of the hydraulic fracture network, a numerical seepage model was established under the mode of 'HF + SRV connection', and the permeability and wellbore storage were obtained by fitting the pseudo pressure and its derivative curve ( Figure 3 ). As shown in the Figure 3 , the early time data is related to wellbore storage capacity, the early bulge data is related to skin effect, the middle time data reflects linear flow under fracture interference, this part would control fracture half-length, fracture conductivity and fracture spacing. The equivalent permeability of the SRV fracture system is 0.0507 mD, which is far greater than the permeability of the matrix (200-300 nD), and the ratio of horizontal to vertical permeability is only 0.0252, reflecting the general characteristics of shale reservoirs with low vertical permeability. SRV permeability is calculated by fitting pressure data. The average HF half-length of the two wells has reached about 100 m, and the HFs in the toe connecting section are as long as about 170 m. In order to verify the reliability of the model and the parameters, these parameters explained by the pressure recovery test data were assigned to the well group geological model, and the bottomhole pressure (BHP) changes in the later production process of the well were simulated (Figure 4 ). The comparison error with the BHP monitoring data is quite small. the permeability and wellbore storage were obtained by fitting the pseudo pressure and its derivative curve ( Figure 3 ). As shown in the Figure 3 , the early time data is related to wellbore storage capacity, the early bulge data is related to skin effect, the middle time data reflects linear flow under fracture interference, this part would control fracture half-length, fracture conductivity and fracture spacing. The equivalent permeability of the SRV fracture system is 0.0507 mD, which is far greater than the permeability of the matrix (200-300 nD), and the ratio of horizontal to vertical permeability is only 0.0252, reflecting the general characteristics of shale reservoirs with low vertical permeability. SRV permeability is calculated by fitting pressure data. The average HF half-length of the two wells has reached about 100 m, and the HFs in the toe connecting section are as long as about 170 m. In order to verify the reliability of the model and the parameters, these parameters explained by the pressure recovery test data were assigned to the well group geological model, and the bottomhole pressure (BHP) changes in the later production process of the well were simulated ( Figure 4 ). The comparison error with the BHP monitoring data is quite small. 
Mechanism Model
The transient pressure behavior under well interference is influenced by various factors, such as the inter-well communication mode (IWCM), well spacing, number of neighboring wells, and well pattern arrangement [34, 35] . The influence of different factors is analyzed by combining the established multi-zone coupled flow model. According to the reservoir and fracture parameters obtained from the well test and laboratory test data of Jiaoshiba shale gas field, it is assumed that the permeability of the matrix is 0.001 mD to 0.003 mD, and the SRV has a permeability of 50 to 200 times that of the matrix. The horizontal well-length is 1500 m. Each well is fractured by 19 sections, and except for connecting HFs, other HFs are of the same length and have the same conductivity; the initial pressure of the reservoir is 34 MPa, the temperature is 96 • C., and the gas component is dominated by methane (98%) with a small amount of nitrogen (0.7%), carbon dioxide (0.6%), ethane (0.4%), and propane (0.3%); the well spacing between the well and neighboring well is 300-600 m. Based on these parameters, a corresponding mechanism model was established. The well pair sketch and meshing grids under the coexistence conditions are shown in Figure 5 . 
The transient pressure behavior under well interference is influenced by various factors, such as the inter-well communication mode (IWCM), well spacing, number of neighboring wells, and well pattern arrangement [34, 35] . The influence of different factors is analyzed by combining the established multi-zone coupled flow model. According to the reservoir and fracture parameters obtained from the well test and laboratory test data of Jiaoshiba shale gas field, it is assumed that the permeability of the matrix is 0.001 mD to 0.003 mD, and the SRV has a permeability of 50 to 200 times that of the matrix. The horizontal well-length is 1500 m. Each well is fractured by 19 sections, and except for connecting HFs, other HFs are of the same length and have the same conductivity; the initial pressure of the reservoir is 34 MPa, the temperature is 96 °C., and the gas component is dominated by methane (98%) with a small amount of nitrogen (0.7%), carbon dioxide (0.6%), ethane (0.4%), and propane (0.3%); the well spacing between the well and neighboring well is 300-600 m. Based on these parameters, a corresponding mechanism model was established. The well pair sketch and meshing grids under the coexistence conditions are shown in Figure 5 . 
Effect of Inter-Well Connection Mode
The different connectivity modes and fracturing effects have considerable influence on the seepage characteristics under the disturbance of adjacent wells. By establishing the mechanism model, the effects of hydraulic fracture connected layers, connectivity modes, and the development degree of micro-fractures in SRV on the transient pressure of the well are discussed. A variety of simulation schemes have been designed based on different inter-well connection modes (IWCMs) and SRV parameters. Table 1 shows the IWCMs and essential physical property of each plan. In each 
The different connectivity modes and fracturing effects have considerable influence on the seepage characteristics under the disturbance of adjacent wells. By establishing the mechanism model, the effects of hydraulic fracture connected layers, connectivity modes, and the development degree of micro-fractures in SRV on the transient pressure of the well are discussed. A variety of simulation schemes have been designed based on different inter-well connection modes (IWCMs) and SRV parameters. Table 1 shows the IWCMs and essential physical property of each plan. In each scheme, the investigated well (right L2 well) and its neighboring well (left L1 well) are designed to produce at 6 × 10 4 m 3 /d for 15 months, and the pressure field around these two wells is shown in Figure 6 ; afterward, the L2 well is shut-in for 20 days with pressure recovery, while L1 well maintains at the 6 × 10 4 m 3 /d gas rate. The BHP of L2 well in each plan is shown in Figure 7 , and the double logarithmic curve of the pseudo pressure and its derivative in the shut-in stage is shown in Figure 8 . There are two wells in each plan, and L2 on the right is the investigated well, while L1 on the left is the neighboring well. Through analyzing the pressure recovery curve of each plan in Figure 8 , we get the following understanding. (1) the interference degree comes from neighboring wells in each plan is compared based on the fall magnitude in the later part of the pseudo pressure derivative curve (PPDC): Plan 2 > Plan 6 > Plan 4 > Plan1 > Plan 5 > Plan 3; (2) When HFs or SRV's induce micro-fractures is in rich, it first experience a brief stratum-fracture bilinear flow (the slope of the pseudo pressure derivative curve is close to 1/4), and then it converts to formation linear flow (the slope of the pseudo pressure derivative curve is close to 1/4), late-stage well interference causes the pressure curve to drop. When induced micro-cracks are not abundant, they mainly experience formation linear flow, and the characteristics of later well interference are not obvious.
In summary, BHP changes are affected by both the fracturing effect of the well and interference from neighboring wells. When the fracturing effect of the well is good, and it is connected with the neighboring well through the SRV, the BHP in the production process can drop slowly to maintain stable production. When the fracturing effect of the wells is poor, and some parts are connected with the adjacent well, the BHP decline violently during the production, which is unfavorable to the stable high production of gas wells. In the future production process, it is necessary to reduce the steady gas production and timely shut well to recover the BHP. neighboring well through the SRV, the BHP in the production process can drop slowly to maintain stable production. When the fracturing effect of the wells is poor, and some parts are connected with the adjacent well, the BHP decline violently during the production, which is unfavorable to the stable high production of gas wells. In the future production process, it is necessary to reduce the steady gas production and timely shut well to recover the BHP. 
Effect of well space
Reasonable well spacing is a crucial indicator for the design of horizontal well patterns to develop shale gas fields. If the well spacing is too small, a severe well interference and a decrease in productivity will appear. Large well spacing will lead to a low recovery of the whole shale gas field, and the remaining reserves will be difficult to exploit in the later period. Therefore, interference degree of different well spacing and different IWMDs should be studied necessarily. We design six plans with different IWMDs and well spacing in the mechanism models, whose basic parameters of each plan are shown in Table 2 . In each plan, L2 well and its neighboring well (L1 well) are set to produce at 6 × 10 4 m 3 /d for 15 months. The pressure field is shown in Figure 9 ; after that, the well shut-in and BHP recovers for 20 days. At this time, the neighboring well still maintains 6 × 10 4 m 3 /d gas output. The BHP of L2 well in each plan is shown in Figure 10 . The double logarithmic curve of the pseudo pressure and its derivative at the shut-in stage is shown in Figure 11 . By analysis of the pressure fields ( Figure 6 ) and the BHP of L2 (Figure 7) , several points are obtained as follows:
(1) In Plan 3, induced micro-fractures are not abundant in SRV, and the pressure drop in the SRV is not balanced during the production process, and the pressure near the HFs around the near-well area is severely reduced. However, the overall pressure drop in the SRV is small, so the BHP of L2 well is the largest in the case of the same amount of accumulated gas output. In the latter period, the shut-in pressure recovers the fastest with the greatest extent, but the pressure after recovery is still the lowest.
(2) In Plan 6, the BHP of L2 well is slower and the amplitude is the slowest, and the BHP of L2 shut-in well recoveries faster and higher in the later period, and after the recovery the BHP reaches the highest. In the early stage, due to the poor hydraulic fracturing effect of L2 well, the pressure drops quickly, but in the later period, the pressure drop is not serious due to the interference from the adjacent well. It also shows that even if there is no connection of HF or SRV between the well pairs, there will be some interference. (3) Comparing Plan 2 and Plan 5 both with strong inter-well connection, the BHP changes of L2 well are very similar. It shows that due to the good effect of fracturing, the SRV area is rich in induced micro-fractures, and the HFs have strong conductivity. Although L2 well gets the interference from neighboring L1 well, the BHP of L2 drops still slowly. After shut-in, disturbed by the production of the neighboring L1 well, the pressure at the later stage of the well shut-in does not recover but decrease, and the inter-well interference is obvious. (4) In Plan 1, Plan 3, and Plan 6, the two wells have poor fracturing effect and the pressure drop near the HFs is significantly larger than that of the surrounding SRV in each plan. It shows that the pressure drop in the control range of a single well is not balanced enough and the development result is not ideal.
There are two wells in each plan, and L2 on the right is the investigated well, while L1 on the left is the neighboring well.
Through analyzing the pressure recovery curve of each plan in Figure 8 , we get the following understanding. (1) the interference degree comes from neighboring wells in each plan is compared based on the fall magnitude in the later part of the pseudo pressure derivative curve (PPDC): Plan 2 > Plan 6 > Plan 4 > Plan1 > Plan 5 > Plan 3; (2) When HFs or SRV's induce micro-fractures is in rich, it first experience a brief stratum-fracture bilinear flow (the slope of the pseudo pressure derivative curve is close to 1/4), and then it converts to formation linear flow (the slope of the pseudo pressure derivative curve is close to 1/4), late-stage well interference causes the pressure curve to drop. When induced micro-cracks are not abundant, they mainly experience formation linear flow, and the characteristics of later well interference are not obvious.
In summary, BHP changes are affected by both the fracturing effect of the well and interference from neighboring wells. When the fracturing effect of the well is good, and it is connected with the neighboring well through the SRV, the BHP in the production process can drop slowly to maintain stable production. When the fracturing effect of the wells is poor, and some parts are connected with the adjacent well, the BHP decline violently during the production, which is unfavorable to the stable high production of gas wells. In the future production process, it is necessary to reduce the steady gas production and timely shut well to recover the BHP.
Effect of Well Space
Reasonable well spacing is a crucial indicator for the design of horizontal well patterns to develop shale gas fields. If the well spacing is too small, a severe well interference and a decrease in productivity will appear. Large well spacing will lead to a low recovery of the whole shale gas field, and the remaining reserves will be difficult to exploit in the later period. Therefore, interference degree of different well spacing and different IWMDs should be studied necessarily. We design six plans with different IWMDs and well spacing in the mechanism models, whose basic parameters of each plan are shown in Table 2 . In each plan, L2 well and its neighboring well (L1 well) are set to produce at 6 × 10 4 m 3 /d for 15 months. The pressure field is shown in Figure 9 ; after that, the well shut-in and BHP recovers for 20 days. At this time, the neighboring well still maintains 6 × 10 4 m 3 /d gas output. The BHP of L2 well in each plan is shown in Figure 10 . The double logarithmic curve of the pseudo pressure and its derivative at the shut-in stage is shown in Figure 11 . Through analyzing the pressure recovery curve of each plan in Figure 11 , we obtain some views as follows:
(1) Under close well spacing and multiple HFs connection modes, the interference comes from neighboring wells is more serious, so this kind of multiple HFs connection should be avoided by controlling hydraulic fracturing;
(2) Under the condition of SRV connection mode, the effect of different well spacing is not obvious, and the well interference is also obvious; (3) For these mechanism models, the well spacing should be controlled above 450 m. For the Through analyzing the pressure recovery curve of each plan in Figure 11 , we obtain some views as follows:
(2) Under the condition of SRV connection mode, the effect of different well spacing is not obvious, and the well interference is also obvious; (3) For these mechanism models, the well spacing should be controlled above 450 m. For the 
Effect of well pattern and multiple neighboring wells
Shale gas field development generally adopts a large-scale horizontal well pattern, and there may be multiple adjacent wells around a well. Based on the mechanism model, the simulation plans for different number of wells and different arrangements are designed, and the designed parameters are shown in Table 3 . The wells of each scheme are designed to produce at 6 × 10 4 m 3 /d for 15 months, and the pressure fields are shown in Figure 12 . Afterwards, the BHP of the shut-in L2 well recovers for 20 days. At this time, the neighboring wells all maintain at 6 × 10 4 m 3 /d gas output. The BHP of L2 well in each plan is shown in Figure 13 . The double logarithm curve of the pseudo pressure and its derivative during the shut-in stage is shown in Figure 14 . Five wells: L2 well, and two neighboring wells (L3 and L4) on the left side and two neighboring wells (L1 and L5) on the right side, and total nine HFs connected. Through analyzing the BHP and pressure fields of each plan in Figures 9 and 10 , we get the following understanding:
(1) From the simulation results of the Plan 1 and Plan 4, when the well spacing is small, the pressure drop in the SRV is severe, and the BHP drop of L2 well is relatively large in the production process, and the shut-in pressure recovery ability is relatively weak, as shown in Figure 9a ,d, and Figure 10 . (2) From the simulation results of Plans 3 and 6, the pressure decreasing speed in the SRV is not serious when the well spacing is large, and the BHP of L2 wells is smaller in the production process, and the pressure recovery ability is stronger during well shut-in, as shown in Figure 9c ,f and Figure 10 . (3) Compared with the HF connection mode, when the inter-well SRVs connected, the pressure drop of L2 well is slow under the same well spacing in the production process, and the pressure recovery after shut-in is obvious, which indicates that the reservoir still maintains strong energy.
Through analyzing the pressure recovery curve of each plan in Figure 11 , we obtain some views as follows:
(1) Under close well spacing and multiple HFs connection modes, the interference comes from neighboring wells is more serious, so this kind of multiple HFs connection should be avoided by controlling hydraulic fracturing; (2) Under the condition of SRV connection mode, the effect of different well spacing is not obvious, and the well interference is also obvious; (3) For these mechanism models, the well spacing should be controlled above 450 m. For the development of real shale gas fields, the well spacing can be optimized based on the reservoir physical property and the design scale of fracturing, to obtain higher single well productivity and gas field recovery ratio.
Effect of Well Pattern and Multiple Neighboring Wells
Shale gas field development generally adopts a large-scale horizontal well pattern, and there may be multiple adjacent wells around a well. Based on the mechanism model, the simulation plans for different number of wells and different arrangements are designed, and the designed parameters are shown in Table 3 . The wells of each scheme are designed to produce at 6 × 10 4 m 3 /d for 15 months, and the pressure fields are shown in Figure 12 . Afterwards, the BHP of the shut-in L2 well recovers for 20 days. At this time, the neighboring wells all maintain at 6 × 10 4 m 3 /d gas output. The BHP of L2 well in each plan is shown in Figure 13 . The double logarithm curve of the pseudo pressure and its derivative during the shut-in stage is shown in Figure 14 . By analysis of the pressure fields ( Figure 12 ) and the BHP of L2 (Figure 13 ), several points are obtained as follows. (1) When well spacing keeps at 350m, increasing number of neighboring wells do not lead to serious pressure drop in the SRV of L2 well. Besides, the pressure drop is not apparent in the outside matrix, but the pressure drop is significant in SRV with HFs connected. (2) Corresponding and connecting with the direct neighboring wells' horizontal segment is the key to generate obvious interference. If the corresponding inter-well horizontal segment is more extended, the interference is more severe (compared Plan 1 with Plan 2). On this basis, the more interconnected wells put into production in the well pattern, the more severe interference is, and even if only the ends of the horizontal well (toe or root) are connected, interference still occurs. (3) Under the condition of the same number of connected neighboring wells, no matter what the well spacing and IWMDs are, the BHP curve is nearly overlapped. It indicates that the number of neighboring wells is crucial to the well interference degree, and the number of HFs connected is relatively secondly. (4) The more severe interference the neighboring wells lead, the more severe the performance is, as well as the fact that BHP in the well is declining faster in the production phase. Even though the neighboring well is not directly adjacent to the well, it is indirectly adjacent to one well after it has been sequestered by one well and still interferes with the well (compared Plan 2 with Plan 3). Through analyzing the pressure recovery curve of each plan in Figure 14 , we obtain some views as follows. (1) Parallel arrangements produce more severe well interference than head-to-head arrangements under a same number of wells. (2) The pseudo pressure derivative curve of each plan shows the characteristics of linear flow, quasi-radial flow segment and pressure drop disturbed by adjacent wells. ( 3) When the parameters such as HF properties and gas production keep constant, 
Field application
A2 is a well group (five wells) in the lower gas zone of the Longmaxi section of the Lower Silurian in the Jiaoshiba shale gas field. Log interpretation explains an average porosity of 3.94%, an average permeability of 0.02 mD to 0.06 mD, and an average gas content of 3.47 m 3 /t to 3.85 m 3 /t. The gas composition is dominated by methane (98.4%) and contains a small amount of ethane, carbon dioxide and nitrogen; the initial formation pressure is 32.3 MPa and the initial temperature is 94.7 °C. During the drilling process, there is no leakage of drilling fluid in the horizontal well section. Each well in the well group put into operation from April 2014. As of March 2018, the cumulative 
A2 is a well group (five wells) in the lower gas zone of the Longmaxi section of the Lower Silurian in the Jiaoshiba shale gas field. Log interpretation explains an average porosity of 3.94%, an average permeability of 0.02 mD to 0.06 mD, and an average gas content of 3.47 m 3 /t to 3.85 m 3 /t. The gas composition is dominated by methane (98.4%) and contains a small amount of ethane, carbon dioxide and nitrogen; the initial formation pressure is 32.3 MPa and the initial temperature is 94.7 °C. During the drilling process, there is no leakage of drilling fluid in the horizontal well section. Each well in the well group put into operation from April 2014. As of March 2018, the cumulative By analysis of the pressure fields ( Figure 12 ) and the BHP of L2 (Figure 13 ), several points are obtained as follows. (1) When well spacing keeps at 350m, increasing number of neighboring wells do not lead to serious pressure drop in the SRV of L2 well. Besides, the pressure drop is not apparent in the outside matrix, but the pressure drop is significant in SRV with HFs connected. (2) Corresponding and connecting with the direct neighboring wells' horizontal segment is the key to generate obvious interference. If the corresponding inter-well horizontal segment is more extended, the interference is more severe (compared Plan 1 with Plan 2). On this basis, the more interconnected wells put into production in the well pattern, the more severe interference is, and even if only the ends of the horizontal well (toe or root) are connected, interference still occurs. (3) Under the condition of the same number of connected neighboring wells, no matter what the well spacing and IWMDs are, the BHP curve is nearly overlapped. It indicates that the number of neighboring wells is crucial to the well interference degree, and the number of HFs connected is relatively secondly. (4) The more severe interference the neighboring wells lead, the more severe the performance is, as well as the fact that BHP in the well is declining faster in the production phase. Even though the neighboring well is not directly adjacent to the well, it is indirectly adjacent to one well after it has been sequestered by one well and still interferes with the well (compared Plan 2 with Plan 3).
Through analyzing the pressure recovery curve of each plan in Figure 14 , we obtain some views as follows. (1) Parallel arrangements produce more severe well interference than head-to-head arrangements under a same number of wells. (2) The pseudo pressure derivative curve of each plan shows the characteristics of linear flow, quasi-radial flow segment and pressure drop disturbed by adjacent wells. (3) When the parameters such as HF properties and gas production keep constant, the linear flow in the early stage of each plan is the same, and the difference mainly lies in the late interference stage.
Field Application
A2 is a well group (five wells) in the lower gas zone of the Longmaxi section of the Lower Silurian in the Jiaoshiba shale gas field. Log interpretation explains an average porosity of 3.94%, an average permeability of 0.02 mD to 0.06 mD, and an average gas content of 3.47 m 3 /t to 3.85 m 3 /t. The gas composition is dominated by methane (98.4%) and contains a small amount of ethane, carbon dioxide and nitrogen; the initial formation pressure is 32. By performing pressure recovery tests on well A2-1 in the center of the well group, inversion of reservoir and fracture property parameters, and analysis of interference from neighboring wells to production. According to the basic parameters of the reservoir, the position relationship of each well, the scale of fracturing construction in each section of the horizontal well, and the tracer test results, a numerical well test model was established to analyze the pressure recovery test data. The simulation results of the simulated pressure field and the pseudo-logarithmic double logarithmic curve are shown in Figure 15 . From the simulated pressure field of the numerical well test in Figure 15a , the wells A2-4 and A2-5 arranged opposite to the A2-1 well have weak interference to them. The A2-2 wells arranged in parallel with it and connected to the SRV have strong interference to them, and the A2-3 wells with relatively long distances have weak interference to them. From the plot of the double logarithm curve of the pseudo-pressure in Figure 15b , the lower part of the curve falls, but the amplitude is not large; it shows that there are not many adjacent wells that interfere with it, and there is no multi-segment fracture crack connectivity.
produced but the pressure decreased slowly or even recovered. The rate of decline of the other three wells did not change substantially during this period. It is confirmed that well A2-2 has a significant influence on well A2-1, which is in agreement with the conclusion of numerical well test analysis. In short, the interference between the two wells is relatively small (A2-1 and A2-4, A2-5 ), but the interference is smaller when the well spacing is larger (A2-1 and A2-3) . Although A2-1 and A2-2 wells interfered with the SRV mode, they did not cause serious pressure drop. In order to further verify the interference of 4 neighboring wells to the central well A2-1, the gas production and pressure of the adjacent wells during the pressure recovery of this well were compared ( Figure 16 ). During the recovery of pressure in this well, well A2-2 was normally produced but the pressure decreased slowly or even recovered. The rate of decline of the other three wells did not change substantially during this period. It is confirmed that well A2-2 has a significant influence on well A2-1, which is in agreement with the conclusion of numerical well test analysis. In short, the interference between the two wells is relatively small (A2-1 and A2-4, A2-5), but the interference is smaller when the well spacing is larger (A2-1 and A2-3). Although A2-1 and A2-2 wells interfered with the SRV mode, they did not cause serious pressure drop. (a) A2-1 and A2-2 of gas production and pressure (b) A2-1 and A2-3 of gas production and pressure (c) A2-1 and A2-4 of gas production and pressure (d) A2-1 and A2-5 of gas production and pressure Figure 16 . Gas production and pressure of A2 well group.
Conclusions
In recent years, with the continuous expansion of the shale gas wells pattern's scale and reduction of well spacing, the problem of well interference has become increasingly serious. On the one hand, the shale gas well interference leads BHP drops rapidly, which is harmful to gas production; on the other hand, under the condition of a relatively balanced fracturing scale, it shows that the IWCM is good and can effectively control the resources within the reservoir around the well. In fact, the scale of most fracturing sections of most shale gas wells is not balanced. Interferences are mainly appeared between the wells with good fracturing and close well spacing. 
In recent years, with the continuous expansion of the shale gas wells pattern's scale and reduction of well spacing, the problem of well interference has become increasingly serious. On the one hand, the shale gas well interference leads BHP drops rapidly, which is harmful to gas production; on the other hand, under the condition of a relatively balanced fracturing scale, it shows that the IWCM is good and can effectively control the resources within the reservoir around the well. In fact, the scale of most fracturing sections of most shale gas wells is not balanced. Interferences are mainly appeared between the wells with good fracturing and close well spacing.
To study transient pressure behaviors of shale gas MFHW under well interference, we establish a multi-region coupled flow model based on the pore fracture structures and flow mechanisms of the different region. Then, PEBI grids and finite volume method are used for the numerical solution. Utilizing the measured shut-in pressure recovery test data of shale gas wells, we explain the property parameters of the reservoir and HFs. Moreover, BHP data monitored in the later stage is fitted to verify the accuracy of the model. Based on the shale gas seepage model, the pressure field and BHP are analyzed under the disturbance of adjacent wells.
The transient pressure behaviors of shale gas wells are affected by fracturing effect, production rules, and well interference. The interference can be observed from the later decline phase of the PPDC during well shut-in. Different IWCM, well spacing, number of neighboring wells, and well pattern arrangement lead different PPDC drops extent in the later phase. A sharp BHP drop can be caused by the direct inter-well connection of HFs, which also has a severe influence on the pressure recovery of the shut-in wells. Sometimes, well interference still exists even without direct HF connection, which reflects the SRV connected with satisfied fracturing effect. It is conducive to higher recovery. Generally, we recommend that it is necessary to optimize the well spacing and the fracturing scale according to the stimulated performance. Especially, the fracturing scale should be controlled for the segments close to the neighboring well; and if serious disturbances have already occurred, it is necessary to timely control the gas production of this well pair, and timely conduct interference test to quantify the degree of interference. 
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